Molecular dynamics simulations are carried out to study the reorientation of single wall carbon nanotubes in a polyethylene matrix under the influence of a 25 T magnetic field. The simulations are based on a variant of velocity Verlet algorithm, which relaxes the Larmor time-step restriction while preserving second-order accuracy. Simulations reveal that the unfolding and reorganization of the polyethylene (PE) chain facilitates the reorientation of the single wall carbon nanotubes closer to the direction of the applied magnetic field. Also, they bring out the difference between the behavior of the carbon nanotubes of zigzag chirality and that of armchair chirality. [DOI: 10.1143/JJAP.45.8984] KEYWORDS: molecular dynamics simulation, high magnetic field, single wall carbon nanotube, NPT ensemble, OPSL-AA force field, velocity verlet algorithm
As single wall carbon nanotubes (SWCNT) possess superior mechanical properties they are ideal reinforcement fibers for high strength-to-weight ratio polymer composites. 1) However, progress in the development of SWCNTpolymer nanocomposite has been hindered by the difficulty in achieving homogeneous dispersion of fillers 2) and ensuring strong interfacial bond between the SWCNT and the polymer.
3) The physical properties of nanotube-based composites strongly depend on their degree of orientation order. To achieve highly oriented SWCNT in polymeric matrices, some investigators have employed mechanical fields, 4) electrical fields, 5) or magnetic fields. 6) Magnetic field provides a contact-free force that is homogeneous throughout the sample, and which can produce highly oriented bulk samples as well as thin films. In earlier experimental studies, the present investigators demonstrated the feasibility of using high magnetic fields (15 -25 T) to control the orientation of an epoxy and utilized the newly tailored morphology of the epoxy to align carbon nanotubes in the same epoxy matrix. 7) As a result of the alignment the electric and transport properties of the composite improved by several orders of magnitude.
8) The magnetic susceptibility of the carbon nanotubes is directly related to their chirality. 9) Calculations 10) show that armchair single wall carbon nanotubes [with chiral indices ð10; 10Þ] are paramagnetic in the direction of their long axes and diamagnetic in the radial direction ( k ¼ þ85:4 Â 10
À6
emu/mol C, ? ¼ À21:010 À6 emu/mol) and tend to align parallel to the magnetic field. The other varieties of SWCNT are diamagnetic, but their diamagnetic susceptibilities are less negative in the axial direction of the nanotube, causing them to align parallel to the direction of the external magnetic field.
The purpose of this investigation is to clarify the dynamical process of reorientation of two different types of SWCNT in polyethylene (PE) matrix.
Considering a system of N particle, molecular dynamics is the problem of solving numerically Newton's equation of motion for the system of many particles interacting with each other
where m i is the atomic mass of the i-th atom, r i the atom position relative to a reference coordinate system and E the potential energy of the system. These equations of motion are integrated using finite difference method such as the velocity Verlet method, which gives the positions, velocities and accelerations of the particles in the system as a function of time.
In the present study, we represent a system of PE-SWCNT as a system of charged particles exposed to an external static homogeneous magnetic field. The explicit time stepping in a conventional molecular dynamics (MD) simulation of such a system is restricted by the smaller of the two time scales-Larmor time-scale and characteristic time of the internal interactions of the system. In a high magnetic field, which is the context of the present study, the Larmor time-scale is very much smaller than that of the internal interactions, and therefore the MD simulation becomes prohibitively expensive. Here, we employ the algorithm due to Spreiter and Walter, 11) which relaxes the Larmor restriction while maintaining the overall accuracy of the discretization scheme.
A particle with specific charge q i =m i performs Larmor oscillations of frequency ! i ¼ q i B=m i when influenced by a magnetic field B. With a homogeneous magnetic field B ¼ ð0; 0; BÞ along the z-axis, the acceleration of each particle is given by a i ðtÞ ¼ a 
Note that the time step t is independent of the Larmor time scale 2=!, and it only needs to resolve the characteristic time scale of internal physical interactions. Thus, this version of the velocity Verlet algorithm enlarges the domain of MD applications to include strong external magnetic forces.
SWCNs of two different chiral types, zigzag ð10; 0Þ and armchair ð10; 10Þ, are generated such that they all consist of 600 carbon atoms each. The unsaturated boundary effect is avoided by adding hydrogen atoms at the ends of the SWCNT. 12) We consider two composite systems. The first system consists of one armchair SWCN and one chain of PE while the other system uses a zigzag SWCN and one PE chain. The armchair SWCNT has a diameter of 1.356 nm and 4.128 nm long and consists of 600 carbon atoms and 60 hydrogen atoms added at the open ends of the nanotube to eliminate the boundary effect. The zigzag SWCNT comprises 600 carbon atoms and 40 hydrogen atoms and has a diameter of 0.783 and 6.554 nm in length. The polymeric matrix consists of amorphous random chains of 300 methylene monomers (-C-H 2 -).
The atomic force field is the optimized potentials for liquid simulations-all atoms (OPLS-AA) that includes harmonic bond-stretching and angle-bending terms, a Fourier series for torsional energetics, and Coulomb and Lennard-Jones terms for the nonbonded interactions. 13) All of the MD simulations are performed within the framework of the isothermal-isobaric statistical ensemble (NPT) for a periodic system, 14) which is characterized, by a fixed number of atoms N, constant pressure P, and constant temperature T. Nose-Hoover extended system thermostat is used for the temperature control and the Berendsen 15) method is used to maintain a constant desired pressure in the periodic box.
We start by equilibrating the individual reference systems of PE and nanotubes. First, we employ a limited memory Broyden-Fletcher-Goldfarb-Shanno (LM-BFGS) minimization method in order to relax the initial configurations of the PE and the SWCNT to their local potential energy minimum. The initial dimensions of the boundary box for the PE monomers are 8:63 Â 3:64 Â 2:27 nm 3 . The PE cell is relaxed through the minimization of the potential energy until the rms potential energy is 0.001 kcal mol À1 Å À1 . The final dimensions of the relaxed PE cell are 5:0 Â 2:0 Â 2:94 nm 3 . The final density of the PE upon equilibration is (0.70 g/cm 3 ). These procedures were repeated for the zigzag and armchair SWCNT individually using different simulation box dimensions to accommodate different lengths of the corresponding nanotubes.
On achieving the state of minimum potential energy for nanotubes and PE individually (Fig. 1) , the armchair SWCNT cell is moved very close to the relaxed cell of PE. The over all dimensions of the computational box for the composite system (PE and armchair nanotube) are approximately 5:25 Â 2:87 Â 3:59 nm 3 , so that the closest distance between the outer surface of the nanotube and the nearest methylene monomer is 0.5 nm. The cell is tested to ensure that there are no overlapping positions between the nanotube and PE atoms. LM-BFGS is employed once more for the composite system to achieve a minimal potential energy configuration. These procedures are repeated for the zigzag SWCNT-PE composite using different simulation box dimensions consistent with the length of the zigzag SWCNT. The relaxed energies of the composite systems are shown in Fig. 1 .
After minimizing the potential energy of PE in its initial state, we conduct two MD simulations-one without any magnetic field and the other with a magnetic field of 25 T directed along the z-axis direction. The simulations are carried out using TINKER software 16) based on the modified velocity Verlet algorithm [eqs. (3) and (4)]. Periodic boundary conditions are imposed precluding thus the effects of boundaries/walls. The integration time step is 1.0 fs, and the cutoff distance for the Lennard-Jones potential is 1.05 nm. Similar MD simulations are carried out for the composite systems. In the interest of computational time, all the simulations are carried out only up to 10 ps.
The effect of the magnetic field manifests itself in the structural change at the chain level of the PE chain. It is apparent that the PE chain has completely unfolded after 2 ps into a linear form with a noticeable orientation parallel to the z-axis (Fig. 2) , which is the direction of the external magnetic field. The trajectory for a zigzag SWCNT-PE composite in a 25 T magnetic field is displayed in Fig. 3 . Again, it reveals a significant reorientation of the PE chain along the direction of the magnetic field within 2 ps. Since the links in the PE (C-H) are more flexible than those in the nanotube (C-C), they move easily. Throughout the remaining simulation time, this motion of the PE chain drags the nanotube along. Thus, the partial alignment of the zigzag nanotube after 10 ps can be attributed to the unfolding and alignment of PE chain under high magnetic fields. The potential energy of the composite based on the zigzag SWCNT is observed to increase by 17% compared to the composite simulated without the magnetic field effect, Fig. 4 . The extra potential energy gained through the magnetic annealing of the composite facilitates the reorientation of the PE chain that consequently drags the zigzag nanotube toward the direction of the field as shown in Fig. 2 . The alignment as predicted by MD is in agreement qualitatively with the continuum explanation of the alignment due to the anisotropic susceptibilities. The initiation of the motion by the PE rather than the zigzag nanotube is due to the fact that PE has less negative susceptibility 17) ( ¼ À11:5 Â 10 À6 emu/mol) compared to that of the semiconducting zigzag nanotube 18) ( k ¼ À129 Â 10 À6 and ? ¼ À115 Â 10 À6 emu/mol). For the armchair SWCNT-PE composite, the trajectory of the composite in a 25 T magnetic field (shown in Fig. 5) indicates a relatively slow unfolding of the PE (more than 2 ps) and compared to the zigzag SWCNT; in this instance, the armchair nanotube actually initiates the reorientation toward the magnetic field direction. It is evident from the trajectory at 10 ps that the armchair SWCNT with paramagnetic axial susceptibility ( k ¼ þ85:4 Â 10 À6 emu/ mol C) pulls the diamagnetic PE chain in the direction of the field. It is also noticeable from Fig. 4 that the potential energy of the armchair SWCNT-PE composite is increased by 19% compared to the composite simulated (without the external magnetic field).
The effect of the aspect ratio of the two nanotubes on the alignment is implicitly incorporated in the chirality. A SWCNT is characterized by it chiral indices ðn; mÞ. The tube diameter D n , is uniquely determined by the integer pair ðn; mÞ:
where b is the C-C bond length (0.142 nm). For a ð10; 0Þ SWCNT with 600 carbon atoms the diameter is 0.783 nm and the aspect ratio is 8.37 compared to a diameter of 1.356 nm and aspect ratio of 3.04 for the ð10; 10Þ SWCNT. So if we to have the same number of carbon atoms in both nanotubes (600 atoms) then the effect of the chirality imply the effect of the aspect ratio as they both interrelated when the number of atoms is fixed. Therefore, the nanotube with higher aspect ratio (less chiral indices or chiral angle) did not achieve the same level of alignment as the nanotube with lesser aspect ratio (higher chiral indices or chiral angle) when combined with a PE chain. The results of the present MD simulations show that the magnetic field causes the unfolding of the flexible PE chain and its reorientation in its direction. For the composite system comprising semiconductor SWCNT (zigzag), the PE chain is observed to drag the SWCNT toward the direction of the magnetic field resulting in partial alignment of the zigzag SWCNT. The paramagnetic susceptibility of the armchair SWCNT combined with the unfolding of the PE matrix generates noticeable orientation of the composite in the direction of the field. Therefore, the alignment of SWCNT in a magnetic field should be attributed not only to the anisotropic magnetic susceptibilities of the SWCNT themselves, but also to the unfolding and self-assembly of the more flexible polymer chains.
